Abstract Conventional glacier-wide mass balances are commonly used to study the effect of climate forcing on glacier melt. Unfortunately, the glacier-wide mass balances are also influenced by the glacier's dynamic response. Investigations on the effects of climate forcing on glaciers can be largely improved by analyzing point mass balances. Using a statistical model, we have found that 52% of the year-to-year deviations in the point mass balances of six glaciers distributed across the entire European Alps can be attributed to a common variability. Point mass balance changes reveal remarkable regional consistencies reaching 80% for glaciers less than 10 km apart. 
Introduction
Mass balance observations on numerous glaciers located in different mountain ranges have been successfully used to assess climate change effects on glaciers in various climatic regimes [e.g., Kaser et al., 2006; Gardner et al., 2013; Intergovernmental Panel on Climate Change, 2013] . However, the spatial representativeness of the series used in these studies is difficult to assess [Gardner et al., 2013; Carturan et al., 2016] . Indeed, mass balance measurements are only available for 440 glaciers of the more than 200,000 mountain glaciers worldwide [World Glacier Monitoring Service (WGMS), 2015; Zemp et al., 2015] . Even for the European Alps, one of the most studied glacierized region in the world, there are only about a dozen series of annual mass balance in situ measurements extending over more than 50 years [WGMS, 2015] .
Recently, considerable efforts have been made to assess ice volume changes at the mountain-range scale over long time periods using other data such as geodetic measurements [e.g., Paul and Haeberli, 2008; Abermann et al., 2011; Gardelle et al., 2013; Gardner et al., 2013; Berthier et al., 2014] , changes in equilibrium line altitude derived from satellite imagery [Rabatel et al., 2005] , and/or regional climate model output [Machguth et al., 2009] . These methods are effective to estimate overall glacier mass loss and quantify the related hydrological impacts [e.g., Hock et al., 2005; Kaser et al., 2010; Huss, 2011; Immerzeel et al., 2013] . However, a number of issues prevent a meaningful climatic interpretation of these results. First, glacier-wide mass balances obtained from the glaciological or geodetic methods are driven not only by changes in climate but also by glacier geometry changes controlled by the dynamic response of each glacier to the climate signal [Vincent, 2002; Fischer, 2010; Abermann et al., 2011; Huss et al., 2012] . Second, the glacier-wide mass balances obtained from the glaciological method are the surface-area-weighted values averaged over the entire surface area of a glacier [Cogley et al., 2011] . Note that the corresponding averaged surface mass balances of each elevation band are calculated from measurements performed at locations that may change with time. This can induce large uncertainties in the evaluation of glacier-wide mass balances. Third, glacier mass balances derived from regional climate models cannot be used for climatic analysis, given that both climatic conditions and their link to mass balances have been used as priors.
The main objective of this paper is to use the multidecadal series of point surface mass balance measurements to extract a common climate signal throughout the European Alps. Point mass balances have the important advantage of being unaffected by (i) the surface area changes of the glacier and (ii) changing VINCENT ET AL.
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Key Points:
• Point mass balance analysis reveals remarkable regional consistencies over the Alps with a common variance of 52% for glaciers 400 km apart • The signal derived from clusters of stakes on glaciers shows a climatic signal that is unbiased by dynamic glacier response • We found a clear acceleration of mass loss over the recent decades greater than those based on glacier-wide mass balances
Supporting Information:
• Supporting Information S1
• Figure S1 • Figure S2 • Figure S3 Correspondence to: measurement locations in the network over time. For this study, we analyzed in situ point mass balance data from a selected cluster of stakes located in the ablation area of each glacier using a statistical model that allows us to extract a temporal signal independent of the local setting of stakes.
Data
In the European Alps, the first continuous mass balance series obtained for the entire surface of glaciers using the direct glaciological method are for the Hintereisferner (1953) , Kesselwandferner (1953), and Vernagtferner (1965) [WGMS, 2015] . In the present study, we selected the longest and most continuous series for six glaciers in the European Alps for which the point annual mass balance and coordinates were available for each measurement. The glaciers cover different climatic regions from Oetztal Alps in Austria to Southern Alps in France.
We used the point mass balance measurements for Hintereisferner, Vernagtferner (AU), Silvretta, Gries (CH), Sarennes, and Saint Sorlin glaciers (FR) (Figure 1 ). The maximum distance between the glaciers is 405 km. For each glacier, we selected a limited perimeter in the ablation zone for which sufficient measurements of point annual mass balances were performed over the common measurement period of 1962-2013, except for Vernagtferner for which mass balances are available only from 1967. We selected areas in the ablation zones because (i) the measurement networks are denser than in accumulation area; (ii) the measurements have a smaller uncertainty, estimated as ±0.15 m water equivalent (w.e.) a À1 [Thibert et al., 2008] ; and (iii) the change in albedo is limited once the winter snow has disappeared, although the albedo feedback remains strong at the beginning of the melting season.
The number of stakes selected for this study is different for each glacier and ranges from 2 to 16 depending on the year (Table S1 and Figure S1 in the supporting information). The stake positions have an uncertainty of ±0.05 to ± 5 m. The geodetic survey methods used are specified in Table S1 .
Another constraint for this analysis is related to the local elevation changes of glaciers over the last 50 years. Indeed, the ice surface elevation in the investigated areas has decreased by several tens of meters over the last five decades, and this decrease in elevation has an impact on surface mass balance at a given position . For this purpose, the elevation changes were assessed on the basis of repeated digital elevation models (DEMs) or from transverse profiles based on topographic measurements. Elevation 
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changes are known to be within an uncertainty of ±0.2 m a À1 from field geodetic surveys and ±0.5 m to several meters per year from photogrammetric surveys depending on the quality of the aerial photographs and the time intervals of acquisition [Mayer et al., 2001; Vincent et al., 2009; Fischer, 2010; Bauder et al., 2007; Thibert et al., 2008] . The DEM years are reported in Table S1 .
Methodology
Point mass balance data have been collected from stake measurements scattered over each glacier. The measurement networks have changed with time because the data were collected by different researchers over 
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10.1002/2016GL072094 the decades. Ideally, the stakes should be replaced at their original locations once they have melted out of the ice. However, even in this case, the point measurements were not performed exactly at the same location for the life time of the stakes (1-5 years) due to the movement of the ice. For these reasons, it is not possible to extract a point mass balance at a fixed location for each year on the basis of the field measurements. Consequently, the analysis requires the locations of each stake for each year and a multivariate statistical analysis as proposed by Lliboutry [1974] . The model assumes that the mass balance can be decomposed into two independent spatial (α i ) and temporal (β t ) variation terms, giving
where b i,t is the mass balance recorded at site i for year t, α i is the spatial effects at location i (i.e., the average balance at the site over the whole study period), and β t is the annual deviation from this average balance (therefore Σβ t = 0). The spatiotemporal decomposition implies that β t is the same for each location for any given year t and has a glacier-wide significance. The ε i,t term represents the residuals corresponding to both measurement errors and discrepancies between the model and data (unexplained variance).
The surface of the glacier is divided into cells of 0.2 × 0.2 km 2 , within which the surface mass balance is assumed the same for a given year. The strength of the Lliboutry algorithm lies in its capacity to estimate any missing values at certain locations or years on the basis of field data and equation (1). This is crucial given that data are available for only 30% to 50% of the cells depending on the investigated glacier. From this linear model, it is possible to extract a temporal signal β t for each glacier, i.e., a variable that is directly comparable between glaciers and solely dependent on variations in climate. Note that the surface mass balances measured at each stake were corrected for differences in elevation before they were included in the model in order to take into account elevation changes over the last decades. More details are given in the supporting information.
Results
Changes in Glacier-Wide Mass Balance
We first analyzed the glacier-wide mass balance for each of the six investigated glaciers using the data published by WGMS [2015] . Cumulative mass balance series since the beginning of the measurements are plotted in Figure 2a . The average glacier-wide balance of the six glaciers differs between the glaciers, from À1.14 m w.e. a À1 for Sarennes to À0.38 m w.e. a À1 for Silvretta over the common 1965-2014 period. Note also that the difference in cumulative mass balance between Saint Sorlin and Sarennes is large even though these glaciers lie only 3 km apart. They do however strongly differ in size, aspect, and dynamics. It is obvious that the large differences shown in Figure 2a cannot be explained by the difference in climatic conditions alone. In order to make a more relevant comparison, the cumulative mass balance series were detrended. For this, we removed the average annual mass balance in the annual series; i.e., each value was reduced by subtracting the glacier's 1965-2014 average mass balance from the annual values (Figure 2b ). Henceforth, these series are referred to as centered mass balances. In Figure 2b , a common signal can be clearly distinguished throughout the entire European Alps, as has already been shown in previous studies [Letreguilly and Reynaud, 1990; Vincent et al., 2004 Vincent et al., , 2005 Braithwaite et al., 2013] . The series of detrended annual glacier-wide balances were correlated against each other for all six glaciers. The common variance is 90% (coefficient of determination, R 2 ) between Saint Sorlin and Sarennes or 83% between the Hintereisferner and Vernagtferner, but only 37% between Sarennes and the Vernagtferner, the glaciers with the farthest apart.
The cumulative centered glacier-wide balances reveal large differences, in particular between Saint Sorlin or Sarennes and the other glaciers (Figure 2c ). The remaining differences between centered mass balances could be due to biases in the observational networks which are not stable over time, the dynamic response of each glacier influencing the glacier-wide mass balance , or the differential changes in climatic conditions. In search of signals that are independent of the changing spatial distribution of measurements on each glacier and of surface area and thickness changes, we will now look at the point mass balance measurements.
Point Annual Mass Balance Fluctuations
The point annual mass balances were obtained from a cluster of stakes selected in the ablation zones of each glacier (Table S1 ). The linear model [Lliboutry, 1974] ensures independence with respect to changes in the Geophysical Research Letters 10.1002/2016GL072094 observational network with time (lost stakes, changes of stake locations, etc.) and with respect to glacier surface area and elevation changes. In this way, we calculated a temporal β t term referred to as the centered point mass balance for each glacier, which is assumed to remain constant over the entire investigated surface area of the glacier. Previous studies carried out in the European Alps support this assumption when the altitude range of the investigated area is relatively small [Lliboutry, 1974; Vincent et al., 2000; Eckert et al., 2011] . We selected stakes in the ablation zones and in debris-free areas because debris cover can have a strong influence on the surface mass balance [Berthier and Vincent, 2012; Fyffe et al., 2014] . The glacier-to-glacier correlation improves when using point mass balance instead of glacier-wide balances (Table S2 ). In particular, the signals of the Saint Sorlin and Sarennes surface mass balances are much closer to those of the other glaciers in comparison to the centered mass balance calculated from the average glacier-wide balances (Figure 2) . The common variances were determined between the mass balances of each pair of the six studied glaciers (Figure 3) . The spatial trends in terms of coefficient of determination (R 2 ), shown by dots in Figure 3 , were calculated using linear regressions. On the basis of these trends, the explained variance of two glaciers located 400 km apart was improved from 41 to 52% on the average when point mass balances were used instead of glacier-wide balances.
In addition, our results enable us to calculate the glacier-wide and point mass balance changes for different : 1962-1982, 1983-2003, and 2003-2013 for (a) glacier-wide mass balances and (b) point mass balance. Note that the period of reference is 1966-2013 for Vernagtferner.
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periods. Between the 1962-1982 reference period, for which the glaciers were close to steady state [Vincent, 2002; Huss et al., 2015; Fischer et al., 2015] , and the period 1983-2013, the difference in mass balance is À1.10 m w.e. a À1 on the average. It ranges from À0.97 m w.e. a À1 (Hintereisferner) to À1.33 m w.e. a À1 (Gries). A strong acceleration in mass loss is observed after 2002 (Figure 2c ). Figure 4 shows that the mass balance changes over three periods (1962-1982, 1983-2002, and 2003-2013) for glacier-wide and point mass balances, respectively. The point mass balance deviations (Figure 4b ) reveal a high regional consistency if we discard the Sarennes series. Signs of disintegration have recently been documented for Sarennes [Thibert et al., 2013] and might be responsible to the stronger negative trend compared to the other five studied glaciers in the European Alps. Indeed, the reduction in surface area of Sarennes could lead to increased longwave heat input from exposed rock surrounding the ice.
Discussion and Conclusions
We found that the common variance between the centered annual point mass balances is 85% for neighboring glaciers and decreases to 52% for glaciers located 400 km apart, over the period of 1962-2013. Using the same statistical method, a common variance of 97% and 93% for point mass balances in two neighboring areas in the ablation zone of a single glacier (Saint Sorlin and Gries, respectively) was found, which demonstrates the strong relationship between point mass balances observed on the same glacier ( Figure S2 ). This is a large improvement over the commonly used glacier-wide mass balance analysis [Cogley and Adams, 1998; Six, 2000] . Our finding of common variance between the centered annual point mass balances is consistent with previous results reported for Sarennes [Thibert and Vincent, 2009] as well as for Scandinavian glaciers [Rasmussen, 2004; Rasmussen and Andreassen, 2005] . We can conclude that at least 52% of the glacier mass balance variance can be explained by annual meteorological variations over the whole range of the European Alps. We expect that the explained variance would be higher if some biases could be corrected. First, the dates of annual measurements between each glacier vary from several days to several weeks, depending on the adopted fixed-date or stratigraphic time systems [Cogley et al., 2011] . Second, although our method allows us to reduce the effect of spatial variability on the mass balance changes, it is difficult to remove it completely when the number of stakes is small, as was the case in the 1960s for some glaciers. Third, the surface albedo exerts a strong feedback on snow/ice ablation [Oerlemans et al., 2009] , which means that a small difference in accumulation rate can lead to a large difference in ablation.
We performed tests to detect some specific years that reveal large discrepancies in mass balance or, on the contrary, a very high common variance. For this, we calculated the differences of centered mass balance for each pair of glaciers and each year and a standard deviation between all six glaciers for each year. The average standard deviation is 0.35 m w.e. a À1 . Only 3 years exceed 3 standard deviations: 1976, 1989, and 2009 ( Figure S3 ). Although the annual mass balances are mainly driven by summer melting over the European Alps over the last century [Vincent, 2002; Huss et al., 2010] , the centered annual mass balances of these specific years were strongly affected by the winter accumulation. When we removed these years, the relationships between centered mass balances was largely improved (Figure 3 ). In this way, the explained variance between the centered annual point mass balances is increased to 60% for glaciers located 400 km apart.
Excluding the disintegrating Sarennes glacier, we found point mass balance changes of À0.85 m w.e. a À1 and À1.63 m w.e. a À1 for the periods of 1983-2002 and 2003-2013, respectively, compared to the 1962-1982 reference period. The changes are very similar from one glacier to another (Figure 4b) . Indeed, the maximum differences between the glaciers (except Sarennes) are 0.21 and 0.26 m w.e. a À1 for the two periods, respectively. It shows that the point mass balance changes are consistent compared to those obtained from the glacier-wide mass balance differences (Figure 4a ).
The mass budget was close to balanced conditions over the 1962-1982 reference period [Vincent, 2002; Huss et al., 2015; Fischer et al., 2015] . The average glacier-wide mass balances obtained from our sample are in the range of À0.2 to +0.01 m w.e. a À1 , except Sarennes for which the glacier-wide mass balance is À0.32 m w.e. a À1 . An average of +0.02 m w.e. a À1 was found for the entire European Alps over this 1962-1982 period [Huss, 2012] . Consequently, we can consider that the above values correspond to deviations from nearly steady state conditions. (1980-2010, 1983-2002, and 2003-2012, respectively ), compared to 1962-1982 reference period. Note that glacier-wide mass balances obtained from geodetic and glaciological methods depend strongly on the dynamic response of each glacier, unlike the reference-surface mass balance or point mass balances. Changes in glacier-wide mass balances are more moderate than changes in point mass balance as the glaciers retreated in response to negative mass balances, thus losing parts of their tongues affected by high melt rates. Our analysis shows that a substantial part of the climatic signal is masked when assessing glacier change on the basis of the commonly used glacier-wide mass balance and the actual effect of climate shifts on glacier mass balance is underestimated. It further shows that the point mass balance signal derived from clusters of stakes on glaciers throughout the European Alps reveals a climatic signal that is unbiased by dynamic glacier response. The extracted signal is similar over the entire Alps during the last 50 years and, hence, is a common climatic signal.
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A detailed analysis of climatic changes responsible for the surface mass balance variations in the Alps is beyond the scope of this paper. Previous studies have shown that the negative trend in annual mass balance observed in the European Alps over the last 30 years is mainly due to an increase in summer melting explained by a strong rise in energy flux at the surface [e.g., Vincent et al., 2004; Huss et al., 2010; Thibert et al., 2013; Marzeion et al., 2014; Gabbi et al., 2014; Reveillet et al., 2017] and the lengthening of the ablation season [Thibert et al., 2013] . Conversely, the year-to-year differences are attributed to regional differences in meteorological conditions or/and albedo feedback effects driven by differences in winter snow accumulation .
Our study shows that it is crucial to perform the observations of annual mass balance at the same locations in each year. In the glaciological community, there is growing awareness that point mass balance measurements are basic data to be shared for mass balance analyses. In this respect, the World Glacier Monitoring Service has started collecting these data on a systematic basis as a complement to glacier-wide balances [WGMS, 2015] . In order to take into account the spatial mass balance variability, our linear model is very helpful in making an accurate comparison of point mass balances. Our method enables us to extract a climatic signal from the point mass balances that is independent of effects related to ice flow dynamics and glacier area change. Glacier-wide mass balances are, however, necessary to study the runoff from glaciers, the changes in overall ice volume, and the contribution of glaciers to sea level change.
